Cyprus is frequently confronted with severe droughts and the need for accurate and systematic data on crop evapotranspiration (ETc) is essential for decision making, regarding water irrigation management and scheduling. The aim of this paper is to highlight how data from meteorological stations in Cyprus can be used for monitoring and determining the country's irrigation demands. This paper shows how daily ETc can be estimated using FAO PenmanMonteith method adapted to satellite data and auxiliary meteorological parameters. This method is widely used in many countries for estimating crop evapotranspiration using auxiliary meteorological data (maximum and minimum temperatures, relative humidity, wind speed) as inputs. Two case studies were selected in order to determine evapotranspiration using meteorological and low resolution satellite data (MODIS -TERRA) and to compare it with the results of the reference method (FAO-56) which estimates the reference evapotranspiration (ETo) by using only meteorological data. The first approach corresponds to the FAO PenmanMonteith method adapted for using both meteorological and remotely sensed data. Furthermore, main automatic meteorological stations in Cyprus were mapped using Geographical Information System (GIS). All the agricultural areas of the island were categorized according to the nearest meteorological station which is considered as "representative" of the area. Thiessen polygons methodology was used for this purpose. The intended goal was to illustrate what can happen to a crop, in terms of water requirements, if meteorological data are retrieved from other than the representative stations. The use of inaccurate data can result in low yields or excessive irCorrespondence to: G. Papadavid (papadavid@arinet.ari.gov.cy) rigation which both lead to profit reduction. The results have shown that if inappropriate meteorological data are utilized, then deviations from correct ETc might be obtained, leading to water losses or crop water stress.
Introduction
Evapotranspiration is referred to as the combination of two different processes: on the one hand, water is lost from the soil and plant surfaces by evaporation; on the other hand, water is lost from the crop by transpiration (FAO, 1998) . The actual estimation and calculation of evapotranspiration is of vital importance in water resource management and determination of irrigation demand (Boegh and Soegaard, 2004; Hoedjes et al., 2008) . Reference evapotranspiration (ETo) can be calculated by using meteorological data and typical reference crops with specialized instruments, such as lysimeters (Courault et al., 2005; Hadjimitsis et al., 2008) .
Estimation of evapotranspiration combining conventional meteorological ground measurements with remotely-sensed data has been also widely investigated (Allen, 1996 (Allen, , 2000 . Several methods using various satellite data have been developed, as shown by Gieske and Wouter (2005) using low resolution NOAA images, Papadavid et al. (2009) , Hafeez et al. (2002) , Sobrino et al. (2004) , Qin and Karnieli (2001) using medium resolution Landsat/ETM+ satellite images and French et al. (2001) using ASTER satellite images. Despite the variety of methods for determining the evapotranspiration for irrigation purposes, local authorities or governmental offices require a simplified and quick approach. Indeed, the use of meteorological data acquired from nearby meteorological stations can be used for such purposes, in combination with other existing tools, such as satellite remote sensing. Currently, several researchers recommend a breadth of mathematical equations and modelling (Menenti et al., 1989; D'Urso and Menenti, 1995; Bastiaanssen et al., 1998; Bastiaanssen and Ali, 2003) . The methods of estimating ETc are generally classified as: (a) energy balance methods, (b) aerodynamic or mass transfer methods, (c) empirical or semi-empirical methods, (d) water depletion methods and (e) numerical or modeling methods (Eliadis et al., 1995; Metochis, 1997) . The analysis of the performance of these models revealed the need for formulating a standard method for the computation of ETo (Tsouni and Koutsogiannis, 2003; Hoedjes et al., 2008) . The FAO-56 method, which was derived from the Penman-Monteith equation, has recently been recommended as the sole standard method (Telis and Koutsogiannis, 2007) ; this a method with strong likelihood of correctly predicting ETo in a wide range of locations and climates (D' Urso and Menenti, 1995; Aaron et al., 1996) .
The paper has the following two objectives:
1. To highlight how meteorological data can reduce the accuracy in estimating ETc, if they are taken from stations that are located beyond a critical distance; the intended purpose is to show that other than the area's meteorological data could cause problems in irrigation scheduling which could lead to crop health related problems.
2. To propose a methodology for choosing the nearest meteorological station for meteorological data acquisition regarding hydrological purpose studies and more specifically for estimating evapotranspiration.
Data and methodology
In the first part of this study, the FAO Penman-Monteith method adapted to satellite data is used to estimate potatoes' ETc and then compare it to FAO-56. In the second part, the accuracy of the former method is evaluated by incorporating meteorological data from other meteorological stations established on the island. For this purpose, Cyprus is divided into five geographical areas in accordance with the distance from the main five meteorological stations of the island. Two case studies are selected in order to check the impact of "noncorrect" (i.e. less representative) meteorological data on ETc.
Case studies
Mandria and Kokkinochoria, the main irrigated areas of the island of Cyprus, have been used as pilot study areas (Fig. 1 ). For these areas crop evapotranspiration was determined using both meteorological and satellite data. The selected areas are traditionally agricultural with a diversity of annual cultivations. The areas are flat and at almost sea level, while the surface can be considered as homogenous. 
Resources
In order to estimate evapotranspiration using FAO PenmanMonteith method adapted to satellite data, auxiliary meteorological data from Paphos's airport automatic meteorological station were used. The data include air temperature, atmospheric pressure, wind speed, among other meteorological parameters. Moreover, 14 low resolution MODIS Terra images were used, dating from 25 January 2009 to 9 May 2009. These data were used to retrieve the surface albedo (MODIS albedo maps) from surface reflectance bands of MODIS. Despite the fact that these images have very low spatial resolution, MODIS images pass over Cyprus every day and can assist in the estimation of evapotranspiration on a regular basis.
For the second objective of the paper, three Landsat TM and ETM+ images have been used. ETc was calculated for Mandria and Kokkinochoria area using data from the "proper" (implying the closest to the area) and "non-proper" meteorological stations, in order to test the reliability of using data from any meteorological station.
Methodology
FAO method adapted to satellite data was used to estimate ETc. The use of both satellite and meteorological data are required to employ the method. The specific equation which is used to estimate ETc, under certain conditions (see below), is based on the direct application of the Penman-Monteith equation with canopy parameters estimated from satellite imagery. Air temperature, atmospheric pressure, wind speed and other data were collected from meteorological stations located next to areas of interest. Equation (1) shows how ETc can be estimated using the mentioned above method. where K ↓ is the incoming solar radiation and U the wind speed; the other variables, namely L * (net longwave radiation), cp (air specific heat), ρa (air density), (es-ea) (vapour pressure deficit), λ (latent heat of vaporisation of water) α is the albedo derived directly from MODIS maps, s is the slope vapour pressure curve and γ (thermodynamic psychrometric constant) are calculated from air temperature and humidity at 2.0 m reference height. This equation is valid under conditions of high solar irradiance (typical summer condition in Mediterranean climate) and for LAI>0.5 (LAI is the Leaf Area Index), which is the case for Cyprus' annual crops. For the calculation of LAI, an empirical exponential equation for Cyprus' conditions and especially for annual crops was used:
where WDVI is the Weighted Difference Vegetation Index (Clevers, 1988) . The equation is proposed by Papadavid and Hadjimitsis (2009) , after correlating LAI to many vegetation indices and choosing the one with the strongest determination coefficient (r 2 ). Satellite data, such as LAI and albedo maps, have been derived from satellite imagery from Landsat, using simplified methods (D'Urso and Menenti, 1995) . For deriving albedo, Liang's equation was used (Liang, 2000) . After inferring the necessary inputs for the FAO model adapted to satellite data, the model is applied for retrieving ETc values from the satellite data. Cetris paribus, but changing the albedo value and the value of WDVI, ETc values for each date were estimated and compared.
Thiessen polygons can be used to describe the area of influence of a point against other points. If one takes a set of points and connects each point to its nearest neighbour, then a triangulated irregular network is obtained (Collins and Bolstad, 1996) ; closed polygons are created by generating perpendicular bisectors for each triangle edge. The locations at which of the bisectors intersect determine the locations of the Thiessen polygon vertices. The area contained in each polygon is closer to the point on which the polygon is based than to any other point in the dataset (Burrough, 1986) . For the purposes of this study, Thiessen methodology was employed to divide Cyprus geographically according to the distance from the five main meteorological stations situated in the territory of the island. Finally, after dividing Cyprus in five territories, two pilot study areas were considered. In both areas, the analysis used data from all the meteorological stations situated all over the island of Cyprus and assesses the accuracy of the method when meteorological data from distance stations are included.
Results

ETc comparison
FAO Penman-Monteith method for estimating crop evapotranspiration (ETc), has been applied using MODIS satellite data and meteorological records. The final results have been tabulated and shown in Fig. 2 . These results were compared to the FAO-56 method using only meteorological data and using a single crop coefficient for potatoes (Kc). It is obvious that ETc sourcing from MODIS and meteorological data is always less than that of the FAO. The reason for this could be the low resolution of MODIS pixel. The difference is insignificant but to increase accuracy of the methodology the FAO-56 (using only meteorological data and crop coefficient) method will be used when estimating ETc, for the rest of the study.
Thiessen polygons
In order to determine the suitability of the meteorological stations for estimating ETc, a spatial analysis called Thiessen polygons was applied (Burrough and McDonnell, 1998) . More specifically, five main automatic meteorological stations of Cyprus were mapped and then Thiessen polygons were created in order to identify which areas were closer to each station (see Fig. 3 with mapped agricultural areas of Cyprus) ETo for five different dates, according to FAO-56 method, using only meteorological stations' data was calculated as shown in Table 1 . Having known the ETo and by multiplying it with the crop coefficient, each farmer can calculate the daily needs of a cultivation (actual evapotranspiration). As can be seen from Table 1 the selection of the nearest meteorological station can be crucial to determine accurate results. In cases where meteorological data from the nearest meteorological station are unavailable, an approximation can be made using other meteorological stations, but an average error of ±0.45 mm day −1 may expected in such cases. The average error is estimated as the average value of all the cases when using other meteorological data than from the 'proper' meteorological station.
The ETc was calculated using medium resolution satellite images (Landsat images). The final results are shown in Tables 2 and 3 (Kokkinochoria and Mandria irrigated areas, respectively). The underlined results are considered to be the most accurate since the meteorological station is situated very near the irrigated area of interest. The results refer to ETc in mm/day for potatoes.
From the results shown in Tables 2 and 3 , one can estimate the "greater" or 'smaller' amount of water consumption over one hectare of agricultural area by using data from other me- Tables 4 and 5 . The name of the meteorological stations is stated in the first column, while the deficit or excess of irrigated water is indicated in the second, third and fourth columns.
As it is shown, a sophisticated irrigation schedule can be performed using meteorological and satellite images data for estimating evapotranspiration. This fact will contribute to the reduction of water losses in irrigation and will contribute, indirectly, to the increase of the water reservoirs in Cyprus.
Discussion and conclusions
This paper aims at highlighting the importance of using both meteorological and satellite image data for estimating ETc in Cyprus. Indeed, in the procedure of estimating ETc, the results have shown that there is a need for choosing the closest meteorological station to retrieve data from. The use of satellite images have assisted in dividing Cyprus in polygons according to its main meteorological stations. Based on this method (Thiessen polygons) ETc was estimated for five agricultural sites. In parallel, ETc was estimated by using data from other meteorological stations situated in Cyprus, but not in the respective area of interest. It was found that if the meteorological data does not refer to the appropriate meteorological station, significant deviations on ETc may take place. Hence, it is important to have the appropriate meteorological data of the area of interest in order to increase the accuracy of the results, regarding ETc estimation. Determination of evapotranspiration using both meteorological and satellite remote sensing data is planned for further future research. Furthermore, other methods for estimating irrigation demand will be evaluated in the near future.
